Phosphorylation State of the Cap-Binding Protein eIF4E during Viral Infection  by KLEIJN, MIRANDA et al.
VIROLOGY 217, 486–494 (1996)
ARTICLE NO. 0143
Phosphorylation State of the Cap-Binding Protein eIF4E during Viral Infection
MIRANDA KLEIJN,1 CARLOS L. J. VRINS, HARRY O. VOORMA, and ADRI A. M. THOMAS
Department of Molecular Cell Biology, University of Utrecht, Padualaan 8, 3584 CH Utrecht, The Netherlands
Received September 8, 1995; accepted January 8, 1996
The eukaryotic translation initiation factor eIF4E, the cap-binding protein, seems to play an essential role in the establish-
ment of the host shut-off after viral infection. Infection with adenovirus and influenza virus caused dephosphorylation of
eIF4E and an involvement of a viral protein was suggested. In this report, we studied several other viruses for their ability
to change the phosphorylation state of eIF4E, and we looked for the mechanism of eIF4E dephosphorylation. First, it
was shown that after encephalomyocarditis virus (EMCV) and poliovirus infection, dephosphorylation of eIF4E occurred.
Dephosphorylation of eIF4E was not observed after Semliki Forest virus and reovirus infection. An artificial increase of the
level of phosphorylated eIF4E by treating the cells with the phosphatase inhibitor okadaic acid changed neither the kinetics
of EMCV and poliovirus infection, nor that of host shut-off. Infections with uv-treated EMCV showed that virus binding or
entry into the cell initiates eIF4E dephosphorylation. Besides this entry-induced eIF4E dephosphorylation, dephosphorylation
was also induced by blocking protein synthesis with the initiation inhibitor pactamycin, or with the elongation inhibitor
cycloheximide. We conclude that eIF4E is dephosphorylated by entry of EMCV, and the effect is strengthened by the
decrease in cap-dependent translation. q 1996 Academic Press, Inc.
INTRODUCTION (Bonneau and Sonenberg, 1987). Dephosphorylation of
eIF4E was accompanied by a decrease in total protein
Eukaryotic translation initiation factor eIF4E2 binds to synthesis.
the cap structure of eukaryotic mRNAs to facilitate the Besides the correlation between the rate of protein
entry of mRNA on the 40S ribosomal subunit (Sonenberg, synthesis and the phosphorylation state of eIF4E, other
1988; Rhoads, 1988). The protein contains eight con- data support the importance of phosphorylated eIF4E
served tryptophan residues, which are important for the for efficient translation initiation. Phosphorylated eIF4E
interaction with the 5* cap structure (Altmann et al., 1988). binds m7GTP, m7GpppG, and globin mRNA three to four
The protein can be phosphorylated on serine 209 (Joshi times more efficiently than nonphosphorylated eIF4E
et al., 1995), and the phosphorylation state of eIF4E is does (Minich et al., 1994). Furthermore, it has been
increased by numerous stimuli, for example after treat- shown that 80 to 85% of eIF4E present in the 48S initiation
ment of cells with mitogens (Rychlik et al., 1990; Morley complex is phosphorylated, while only 50% of uncom-
and Traugh, 1989; Frederickson et al., 1991), after treat- plexed eIF4E is phosphorylated (Lamphear and Panniers,
ment with growth inducers (Morley and Traugh, 1990; 1990; Joshi-Barve et al., 1990). The low amount of eIF4E
Manzella et al., 1991; Kaspar et al., 1990; Donaldson et present in the cell suggests that eIF4E is a limiting factor
al., 1991; Marino et al., 1991; Frederickson et al., 1991; during the initiation process (Hiremath et al., 1985; Dun-
Bu and Hagedorn, 1991; Frederickson et al., 1992), and can et al., 1987). Because the phosphorylated form of
after overexpression of pp60src and p21ras (Frederickson eIF4E seems more active, translation initiation can be
et al., 1991; Rinker-Schaeffer et al., 1992). In these exam- regulated by the amount of phosphorylated eIF4E.
ples, an increased phosphorylation state of eIF4E always The phosphorylation state of eIF4E decreased after
correlated with an increased protein synthesis. adenovirus and influenza virus infection, but not after
Dephosphorylation of eIF4E was shown after adenovi- vaccinia virus (Gierman et al., 1992; Schnierle and Moss,
rus type 5 infection of HeLa or 293 cells (Huang and 1992) or poliovirus infection (Buckley and Ehrenfeld,
Schneider, 1991), after influenza virus infection of 293 1986). Adenovirus contains a double-stranded DNA ge-
cells (Feigenblum and Schneider, 1993), after heat shock nome, and influenza virus is a negative-stranded RNA
(Lamphear and Panniers, 1991), and during mitosis virus. These two viruses use completely different replica-
tion strategies and therefore a common pathway to in-
duce dephosphorylation of eIF4E is not immediately obvi-
1 To whom correspondence and reprint requests should be ad- ous. However, viral infection may disturb the signal trans-
dressed. Fax: 30 2513655. E-mail: M.Kleijn@biol.ruu.nl.
duction pathway, leading to eIF4E dephosphorylation.2 Abbreviations used: eIF, eukaryotic initiation factor; EMCV, enceph-
Therefore, other viruses were used to study the regula-alomyocarditis virus; p.i., postinfection; SDS–PAGE, sodium dodecyl
sulfate–polyacrylamide gel electrophoresis; SFV, Semliki Forest Virus. tion of the phosphorylation state of eIF4E.
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Encephalomyocarditis virus (EMCV) and poliovirus are 30 min, serum was added to 7.5%. Infection of poliovirus,
both members of the picornaviridae, a family of viruses reovirus type 3, and SFV was done at 377 for 1 hr before
with single-stranded RNA of positive polarity. The shut- 7.5% serum was added. One hour before harvesting, the
off of host protein synthesis by picornaviridae occurs by cells were labeled with 6 mCi of [35S]methionine/cysteine
multiple pathways. Poliovirus RNA encodes a protease (Amersham) per milliliter. Cells were harvested by wash-
which is responsible for cleavage of p220 (Etchison et ing twice with phosphate-buffered saline (PBS) and lysed
al., 1982; Lloyd et al., 1986). Cleaved p220 can not longer in one-dimensional isoelectric focusing sample buffer
mediate efficient initiation of capped cellular mRNAs containing 9.5 M urea, 12 mM Chaps, 0.75% Biolytes 3/
(Etchison et al., 1984). EMCV has a completely different 10, 2.25% Biolytes 4/6, and 700 mM b-mercaptoethanol.
mechanism to induce host shut-off. The eIF4F complex Incorporation of [35S]methionine/cysteine into protein
is not inactivated, but the EMCV mRNA competes with was measured by trichloroacetic acid precipitation.
host mRNAs. The competition could be relieved with eIF2 Determination of protein synthesis. An aliquot of cell
during in vitro translation (Scheper et al., 1992). lysates, harvested in isoelectric focusing buffer, was di-
Reovirus, member of the reoviridae, has a double- luted with SDS–PAGE sample buffer (Laemmli, 1970) and
stranded RNA genome. Reovirus type 3 infection causes analyzed by SDS–PAGE (12.5%). Gels were prepared for
partial inhibition of host protein synthesis (Sharpe and fluorography by treatment with sodium salicylate.
Fields, 1982; Giantini and Shatkin, 1989). This inhibition Detection of the phosphorylation state of eIF4E. Cell
is mediated by a slight increase in eIF2a phosphorylation lysates were run on a denaturing one-dimensional (1D)
(Duncan, 1990), leading to a decreased supply of isoelectric focusing gel (6% acrylamide/bisacrylamide
Met-tRNA Meti , transported by eIF2 (Proud, 1992). (19:1), 9 M urea, 3 mM Chaps, 0.75% Biolyte 3/10, 2.25%
Semliki Forest Virus (SFV), an alphavirus, has a single- Biolyte 4/6) (Kleijn et al., 1995). Proteins were blotted onto
stranded RNA of positive polarity. Host shut-off is proba- a PVDF membrane using a semidry apparatus (Hoefer).
bly accomplished by competition for eIF4F and eIF4B eIF4E was detected with a polyclonal antibody, which
between host mRNAs and viral mRNA. Furthermore, it detected HeLa eIF4E (N. Sonenberg) and with a purified
has been shown that the viral capsid protein can inhibit polyclonal antibody raised against a eIF4E peptide (EPE-
cap-dependent translation of host mRNAs and 42S
TTPTTNPPPAEEEKT) (Jaramillo et al., 1991). The latter
mRNA, leaving 26S mRNA translation unaffected be-
antibody detects rat, hamster, and mouse eIF4E, and was
cause it is less sensitive for the viral capsid protein (Van
purified as described (Kleijn et al., 1995). The blot was
Steeg et al., 1984; Elgizoli et al., 1989; Berben-Bloemheu-
developed with the alkaline phosphatase method and
vel et al., 1992).
the percentage of phosphorylated eIF4E over the totalSeveral viruses were tested for their effect on host
amount of eIF4E was determined with a densitometermRNA translation and their influence on the phosphoryla-
(Molecular Dynamics). The more acidic form was identi-tion state of eIF4E. The results show that dephosphoryla-
fied as the phosphorylated form of eIF4E with [32P]ATPtion of eIF4E during viral infections is induced by virus
and protein kinase C.binding or entry. Furthermore, experiments with transla-
Incorporation of 32P-labeled orthophosphate intotional inhibitors indicate that the level of protein synthesis
eIF4E. P19 and BHK cells were grown to a confluencyregulates the activity of eIF4E.
of 50–60%. Cells were washed with phosphate-free DF
and incubated in the same medium containing 100 mCi
MATERIALS AND METHODS of carrier-free 32P-labeled orthophosphate (Amersham)
per milliliter with or without EMCV. After 30 min, phos-Materials. Cycloheximide and 3-[(3-cholamidopropyl)-
phate-free dialyzed serum was added. Cells were har-dimethylammonio]-1-propanesulfonic acid (Chaps) were
vested every hour. The cells were washed twice withpurchased from Boehringer, pactamycin from Sigma,
PBS and lysed with 400 ml of 10 mM 4-(2-hydroxyethyl)-okadaic acid from ICN, acrylamide/bisacrylamide and
1-piperazineethanesulfonic acid (HEPES), pH 7.4, 50 mMBiolytes from Biorad, and urea from Gibco/BRL.
b-glycerophosphate, 0.2 mM EDTA, 0.5% NP-40, 100 mMCell culture. P19 mouse embryonal carcinoma cells
KCl, 7 mM b-mercaptoethanol, 0.2 mM Na3VO4 , 0.2 mMwere cultured as monolayers in a 1:1 mixture of Ham F-
benzamidine, and 4 mg of leupeptin per milliliter. The12 and DMEM (DF) supplemented with 7.5% fetal calf
lysates were centrifuged at 10,000 g for 30 sec to removeserum. Human HeLa cells and Baby Hamster Kidney
cell debris, and the supernatant was incubated at 47 for(BHK) cells were grown as monolayers in DMEM with
1 hr with 5 ml of packed m7GTP Sepharose 4B and 15 ml7.5% fetal calf serum.
of packed Sepharose 4B (serving to increase the beadsViral infections. P19 cells, HeLa cells, and BHK cells
volume) to purify eIF4E. Sepharose was washed threewere seeded in 60-mm dishes and grown to a confluency
times with lysis buffer and eIF4E was eluted with 10 mMof 60–70%. The cells were infected with virus in the ab-
HEPES (pH 7.5), 0.2 mM EDTA, 100 mM KAc, 75 mMsence of serum at a multiplicity of infection of about 10.
Binding of EMCV was done at room temperature. After m7GTP. Eluted proteins were analyzed by SDS–PAGE
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(13.5%). The phosphorylation of eIF4E was quantified
with a phosphor-imager (Molecular Dynamics).
Treatment of cells with translation initiation and elon-
gation inhibitors. Pactamycin (final concentration 0.01
mg/ml) and cycloheximide (final concentration 0.3 mg/ml)
were added to P19 cells, and the cells were labeled
with 6 mCi of [35S]methionine/cysteine per milliliter at
the same time. The cells were harvested with isoelectric
focusing sample buffer. Incorporation of [35S]methionine/
cysteine into protein was measured by trichloroacetic
acid precipitation. The phosphorylation state of eIF4E
was analyzed as described above.
RESULTS
Effect of viral infections on eIF4E phosphorylation. Four
different viruses were used to study host protein synthe-
sis and the regulation of the phosphorylation state of
eIF4E. Viruses were selected on their genome character-
istics: positive-stranded RNA (EMCV and poliovirus), pos-
itive-stranded RNA with subgenomic mRNA (SFV), and
FIG. 1. EMCV infection of P19 cells. P19 cells were infected withdouble-stranded RNA (reovirus). Results obtained with
EMCV for 8 hr. Cells were labeled with [35S]methionine/cysteine 1 hrdouble-stranded DNA adenovirus, with double-stranded
before harvesting at the times indicated. Proteins synthesized were
DNA vaccinia virus, with the negative (single-stranded) analyzed by SDS–PAGE (A). Some of the predominant viral proteins
RNA influenza virus, and with poliovirus were already are indicated on the right. The molecular mass markers are indicated
on the left. The phosphorylation state of eIF4E was analyzed by Westernpublished by others and will be discussed together with
blotting and the amount of eIF4E in the phosphorylated form was quan-our results.
tified by densitometry (B). Percentage of phosphorylated eIF4E in unin-Different cell types had to be used for the different
fected cells: 22%, 1 hr postinfection (p.i.): 7%, 2 hr p.i.: 9%, 3 hr p.i.: 2%,
viruses, as the viruses used did not infect a single cell 4 hr p.i.: 6%, 5 hr p.i.: 2%, 6 hr p.i.: 1%, 7 hr p.i.: 4%, 8 hr p.i.: 4%.
type. First, P19 cells were infected with EMCV for 8 hr.
Cells were harvested every hour. During EMCV infection
the overall protein synthesis decreased to 21% of that of The same cell type was used to study the effect of
SFV infection (Fig. 3). After 8 hr of infection, overall proteinuninfected cells. Synthesis of viral proteins was visible
at 4 hr postinfection (Fig. 1). A decrease in cellular protein synthesis was decreased to 16%. The first viral proteins
appeared at 3–4 hr postinfection. After 5 to 6 hr of infec-synthesis was observed at the same time and host shut-
off was complete at 7–8 hr postinfection. The phosphory- tion host shut-off was complete. In contrast to the results
of EMCV infection in the same cell type (Fig. 2), dephos-lation state of eIF4E was measured simultaneously, us-
ing a denaturing 1D isoelectric focusing gel (Fig. 1). Al- phorylation of eIF4E was not detected after SFV infection.
The percentage of phosphorylated eIF4E remainedready 2 hr after infection the amount of phosphorylated
eIF4E decreased significantly. The percentage of phos- around 50% during infection.
Reovirus infection in BHK cells was followed over aphorylated eIF4E decreased from 22% in control cells to
4% after 8 hr of infection. period of 24 hr (Fig. 4). The cells were harvested with
4-hr intervals. The first viral proteins appeared at 8 hrEMCV infection was also done on another cell type to
determine whether the observed dephosphorylation of postinfection. After 24 hr, overall protein synthesis was
12% of that of uninfected cells harvested at the sameeIF4E was a cell-type-specific or common event after
EMCV infection (Fig. 2). Infection of BHK cells was done time. Host shut-off was only partial as reported earlier
for reovirus type 3 (Giantini and Shatkin, 1989). The phos-under conditions similar to that in Fig. 7 for reasons
discussed later. After 6 hr of infection, overall protein phorylation state of eIF4E was analyzed simultaneously.
In the control cells approximately 50% of eIF4E was phos-synthesis was 33% compared to that of uninfected cells,
harvested at the same time. The appearance of the first phorylated and this percentage remained the same dur-
ing infection.viral proteins and the decrease of cellular protein synthe-
sis followed by a complete host shut-off were compara- Poliovirus infection of HeLa cells was followed for 6
hr during which cells were harvested every hour. Overallble to the results obtained with P19 cells (Fig. 1). As
also observed in Fig. 1, dephosphorylation of eIF4E was protein synthesis at 6 hr postinfection was 20% of nonin-
fected cells harvested at the same time. The first viraldetected upon EMCV infection. In the control cells, 61%
of eIF4E was phosphorylated; after 6 hr of infection only proteins were visible at 3 hr postinfection (Fig. 5, lanes
marked 0), and after 5 hr of infection the shut-off of host20% remained phosphorylated.
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FIG. 4. Reovirus infection of BHK cells. Reovirus infection of BHK
cells was followed for 24 hr, and cells were harvested every 4 hr. Cell
lysates were prepared and analyzed by SDS–PAGE (A). Viral proteins
FIG. 2. EMCV infection of BHK cells. BHK cells were infected with are indicated on the right and the molecular mass markers on the left.
EMCV as described for [32P]orthophosphate labeling under Materials (B) The phosphorylation state of eIF4E. Uninfected cells (harvested at
and Methods. Unlabeled orthophosphate was added instead of 32P- start of infection): 57% phosphorylated eIF4E, 4 hr postinfection (p.i.):
labeled orthophosphate. Protein synthesis was analyzed by SDS– 44%, 8 hr p.i.: 35%, 12 hr p.i.: 55%, 16 hr p.i.: 54%, 20 hr p.i.: 48%, 24 hr p.i.:
PAGE (A). Viral products are indicated on the right, and the molecular 51%, uninfected cells (harvested after 24 hr): 58%. The small decrease at
mass markers on the left. (B) The analysis of the phosphorylation state 4 and 8 hr p.i. was not found consistently.
of eIF4E measured by 1D isoelectric focusing. The amount of phosphor-
ylated eIF4E in uninfected cells: 61% phosphorylated eIF4E, 1 hr postin-
fection (p.i.): 59%, 2 hr p.i.: 27%, 3 hr p.i.: 22%, 4 hr p.i.: 19%, 5 hr p.i.:
translation was complete. Dephosphorylation of eIF4E14%, and 6 hr p.i.: 20%.
was detected at 2 hr postinfection. The amount of phos-
phorylated eIF4E was 32% in uninfected cells and 8%
after 6 hr of infection.
Effect of okadaic acid on eIF4E phosphorylation and
host shut-off during poliovirus and EMCV infection. So far,
dephosphorylation of eIF4E was detected during EMCV
infection in P19 cells (Fig. 1) and BHK cells (Fig. 2), and
during poliovirus infection of HeLa cells (Fig. 5). To deter-
mine whether the phosphorylation state of eIF4E was
crucial for the time-course of host and viral protein syn-
thesis, infections were done in the presence of okadaic
acid, a phosphatase 1 and 2A inhibitor (Bialojan and
Takai, 1988; Cohen et al., 1990). Phosphatase 2A is
known to dephosphorylate eIF4E (Donaldson et al., 1991;
Bu and Hagedorn, 1992).
Hela cells were infected with poliovirus, and okadaic
acid was added at the same time. No difference in
overall protein synthesis, the appearance of the first
viral products, and host shut-off was detected com-
pared to the untreated poliovirus-infected cells (Fig. 5,
lanes 0 and /). The stimulating effect of okadaic acid
FIG. 3. SFV infection of BHK cells. BHK cells were infected with SFV on eIF4E phosphorylation was obvious in uninfected
and harvested every hour. Cell lysates were analyzed by SDS–PAGE cells as well as in infected cells. In uninfected cells
(A). Viral proteins are indicated on the right. The samples were also
the amount of phosphorylated eIF4E increased fromrun on a 1D isoelectric focusing gel (B). Western blotting was used to
32% in the control cells to 53% in cells treated withdetect eIF4E. The phosphorylation state of eIF4E in uninfected cells:
42% phosphorylated eIF4E, 1 hr postinfection (p.i.): 46%, 2 hr p.i.: 46%, okadaic acid for 6 hr (Fig. 5, lanes marked M). In in-
3 hr p.i.: 49%, 4 hr p.i.: 47%, 5 hr p.i.: 47%, 6 hr p.i.: 45%, 7 hr p.i.: 45%, fected cells, okadaic acid elevated the amount of phos-
8 hr p.i.: 42%. phorylated eIF4E less drastically. This result showed
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7C). The decrease of phosphate incorporation into eIF4E
during EMCV infection strongly indicates that a de-
creased phosphorylation reaction is responsible for the
eIF4E dephosphorylation found in Figs. 1 and 2. Figures
7B and 7D show the analysis of proteins, synthesized at
6 hr postinfection, to indicate that viral infection was
successful.
Binding or entry of EMCV is responsible for eIF4E de-
phosphorylation. The fast dephosphorylation of eIF4E
after EMCV infection suggested that dephosphorylation
was initiated at the beginning of infection. To test
whether binding or entry of the virus was sufficient to
induce eIF4E dephosphorylation, P19 cells were infected
with EMCV which was inactivated with uv light (Fig. 8).
Viral proteins were detected when EMCV was treated
with uv for up to 3 sec. After uv treatment of 5 sec or
longer the virus was no longer able to induce viral protein
synthesis. However, eIF4E dephosphorylation still oc-
FIG. 5. Poliovirus infection of HeLa cells in the absence and the curred after up to 20 sec of uv treatment, showing that
presence of okadaic acid. HeLa cells were infected with poliovirus for binding or entry of the virus induced eIF4E dephosphory-
6 hr in the absence (0) or presence (/) of 100 nM of okadaic acid. lation. The absence of dephosphorylation at later time-
Cell lysates were analyzed by SDS–PAGE. (A) Protein synthesis in
points indicates that the virus capsid proteins are dam-untreated or okadaic-acid-treated HeLa cells during poliovirus infec-
aged by uv treatment.tion. Viral products are indicated on the right, and the molecular mass
markers are indicated on the left. The percentages phosphorylated Regulation of the phosphorylation state of eIF4E during
eIF4E are indicated below B. pactamycin or cycloheximide treatment. A decrease in
the rate of overall protein synthesis, as measured after
poliovirus and EMCV infection, could contribute to the
that dephosphorylation of eIF4E is neither obligatory dephosphorylation of eIF4E, induced by virus entry.
for the time-course of poliovirus specific protein syn- Therefore, P19 cells were treated with the translation
thesis nor for the shut-off of host protein synthesis. initiation inhibitor pactamycin or the elongation inhibitor
EMCV infection in P19 cells was also done in the pres- cycloheximide, and protein synthesis was analyzed in
ence of okadaic acid. Overall protein synthesis de- time (Fig. 9). Protein synthesis was inhibited within min-
creased to 20%, irrespective of okadaic acid treatment. utes, and protein synthesis was only 10% of the control
No difference was detected in the appearance of the cells after 150 min of incubation with pactamycin or
first viral proteins and the time of host shut-off between cycloheximide. Dephosphorylation of eIF4E was already
untreated and okadaic-acid-treated cells (Fig. 6). Treat- observed after 30 min of treatment with pactamycin or
ment of uninfected P19 cells with okadaic acid for 8 hr cycloheximide, and an almost complete dephosphoryla-
caused an increase of the phosphorylated form from 15% tion of eIF4E was detected after 60 min. Apparently, the
up to 60%. Due to the presence of okadaic acid, the decrease in protein synthesis induced dephosphoryla-
amount of phosphorylated eIF4E remained at a higher tion of eIF4E.
level during EMCV infection, without affecting the time-
course of infection and host shut-off. DISCUSSION
Apparently, eIF4E dephosphorylation is not necessary
for poliovirus or EMCV infection. We showed eIF4E dephosphorylation after EMCV and
Reduced phosphorylation of eIF4E during EMCV infec- poliovirus infection (Figs. 1, 2, 5, and 6). Others have
tion. To determine whether dephosphorylation of eIF4E shown that adenovirus and influenza virus infection also
during EMCV infection was caused by a change in the lead to dephosphorylation of eIF4E (Huang and Schnei-
rate of phosphorylation or dephosphorylation, P19 and der, 1991; Zhang et al., 1994; Feigenblum and Schneider,
BHK cells were infected in the presence of 32P-labeled 1993). In contrast, infection with SFV (Fig. 3), reovirus
orthophosphate. Cells were harvested every hour and (Fig. 4), and vaccinia virus (Gierman et al., 1992; Schnierle
the incorporation of 32P-labeled orthophosphate into and Moss, 1992) did not lead to dephosphorylation of
eIF4E was measured (Fig. 7A and 7C). The increase in eIF4E. Apparently, dephosphorylation of eIF4E is a fairly
incorporation was severely reduced in EMCV-infected common cellular response upon viral infection, but it is
cells. In P19 cells the amount of 32P-labeled eIF4E after not a general mechanism.
6 hr of infection was 46% compared to that of the unin- Those viruses that induced eIF4E dephosphoryla-
tion—poliovirus, adenovirus, EMCV, and influenza vi-fected cells (Fig. 7A) and in BHK cells only 35% (Fig.
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FIG. 6. EMCV infection of P19 cells in the absence and the presence of okadaic acid. P19 cells were infected with EMCV for 8 hr in the absence
(0) or presence (/) of 100 nM of okadaic acid. Cell lysates were analyzed by SDS–PAGE (A). Viral proteins are indicated on the right, and the
molecular mass markers are indicated on the left. The phosphorylation state of eIF4E was detected by 1D isoelectric focusing (B). The amounts of
eIF4E in the phosphorylated form are indicated below the figure.
rus—have a translation initiation mechanism which dif- crease of translation or in eIF4E dephosphorylation (data
not shown). Furthermore, it was reported earlier that po-fers from the cellular mechanism (Pelletier and Sonen-
berg, 1988; Dolph et al., 1988; Castrillo and Carrasco, liovirus infection did not affect eIF4E phosphorylation
(Buckley and Ehrenfeld, 1986), in contrast to the results1987; Feigenblum and Schneider, 1993). It has been sug-
gested that in these cases, with a possible exception for presented in Fig. 5. This discrepancy can be caused by
the difference in virus type (Mahoney vs Sabin), m.o.i. andinfluenza virus, a decreased amount of active cap-bind-
ing protein eIF4E is required. cell growth conditions (spinner cultures vs monolayers,
Joklik vs DMEM). The difference in cell growth conditionsSFV, reovirus, and vaccinia virus encode for capped
mRNAs. It is therefore expected that these viral mRNAs can influence the activity of the poliovirus receptor. These
observations point to a cellular induction of eIF4E de-need fully active, phosphorylated eIF4E for efficient trans-
lation and the turnover of phosphorylated eIF4E will be phosphorylation rather than induction by a viral encoded
protein.as in uninfected cells (Berben-Bloemheuvel et al., 1992;
Van Heugten, 1994), as is indeed measured in Figs. 3 We have shown that phosphorylation of eIF4E is re-
duced in poliovirus- and EMCV-infected cells. The rela-and 4. The observation that uncapped reoviral RNAs can
be translated in reoinfected cells (Skup and Millward, tively small increase of the amount of phosphorylated
eIF4E caused by okadaic acid in infected cells, compared1980) has not yet been connected with a changed re-
quirement for eIF4E. to uninfected cells, can be explained when the phosphor-
ylation rate of eIF4E is reduced during infections. ThisDuring the experiments it became evident that growth
conditions of the cells did influence the occurrence of suggestion is supported by the labeling with [32P]-
orthophosphate during EMCV infection in P19 and BHKdephosphorylation of eIF4E after viral infection. Dephos-
phorylation of eIF4E after EMCV infection of BHK cells cells which indeed showed a decreased eIF4E phos-
phorylation (Fig. 7).was only obtained under the conditions described in the
legend to Fig. 2, but not when the BHK cells were grown The half-life of a phosphate on eIF4E in P19 cells (40
min) (Kleijn et al., 1995) indicates that dephosphorylationunder normal growth conditions. Also, we were able to
repeat eIF4E dephosphorylation during adenovirus infec- of eIF4E was induced almost instantly after binding and
entry of the virus. Infection of P19 cells with EMCV, inacti-tion of 293 cells, but not as strongly as described (Huang
and Schneider, 1991). On the other hand, adenovirus vated with uv, showed that dephosphorylation of eIF4E
could still occur when the virus was unable to replicateinfection of HeLa cells, either grown in monolayer or in
spinner culture, did not result in either an overall de- (Fig. 8). Apparently, binding or entry of the virus is suffi-
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dephosphorylation of eIF4E already occurred 1–2 hr after
infection, about 2 hr before the decrease in protein syn-
thesis. Fourth, an artificial increase of the phosphoryla-
tion state of eIF4E by okadaic acid influenced neither
the time-course of host shut-off nor that of viral protein
synthesis (Figs. 5 and 6). And last, dephosphorylation
still occurred when P19 cells were infected with EMCV
inactivated with uv light. Taken together, it is unlikely that
eIF4E dephosphorylation is induced by a viral protein.
We cannot exclude that adeno- or influenza virus might
encode a product that enhances accumulation of un-
phosphorylated eIF4E. However, no adenovirus mutants
were found that induced host shut-off without an effect
on the eIF4E phosphorylation state (Zhang et al., 1994),
which supports our conclusion that a cellular function is
involved rather than a viral product.
Dephosphorylation of eIF4E seems unnecessary for
host shut-off, because inhibition of host protein synthesis
was not influenced by the elevated level of eIF4E phos-
phorylation caused by okadaic acid addition. However,
it is possible that the decreased overall protein synthesis
during EMCV and poliovirus infection and therefore the
decreased requirement for active eIF4E also contributed
to the decreased phosphorylation state of eIF4E. To test
this suggestion, overall protein synthesis was inhibited
by treating P19 cells with the translation inhibitors pacta-
mycin and cycloheximide. The instant inhibition of proteinFIG. 7. Orthophosphate labeling of P19 and BHK cells during EMCV
synthesis after pactamycin and cycloheximide treatmentinfection. P19 cells (A and B) and BHK cells (C and D) were labeled
with [32P]orthophosphate during virus absorption. After 30 min at room
temperature, dialyzed fetal calf serum was added to 5% and incubation
proceeded at 377. Cells were harvested every hour up to 6 hr. eIF4E
was purified with m7GTP–Sepharose and analyzed by SDS–PAGE (A
and C). eIF4E, identified by Coomassie staining of the gel, is indicated
with an arrow on the left. Phosphate incorporation into eIF4E was
quantified with the Phospho-imager and is given in arbitrary units. (A)
Incorporation after 1-hr labeling of uninfected and EMCV-infected P19
cells was not detectable. Two hours after labeling of P19 cells: 29,401
(31,138 in infected cells), 3 hr: 64,117 (36,537), 4 hr: 82,179 (173,976),
5 hr: 354,717 (121,795), and 6 hr: 382,957 (171,975). (C) Incorporation
after 1-hr labeling of BHK cells: 5,712 (not detectable in infected cells),
2 hr: 124,312 (76,305), 3 hr: 315,630 (259,931), 4 hr: 380,187 (156,544),
5 hr: 377,622 (170,543), and 6 hr: 700,949 (262,938). (B) P19 cells and
(D) BHK cells were simultaneously infected without the addition of 32P-
labeled orthophosphate, and these cells were labeled with [35S]-
methionine/cysteine 1 hr prior to harvesting. The samples were ana-
lyzed by SDS–PAGE. Viral proteins are indicated with arrows on the
right of B and D.
cient for the cell to trigger eIF4E dephosphorylation.
FIG. 8. Infection of P19 cells with uv-treated EMCV. EMCV wasWhich signal transduction pathway is responsible for
treated on ice with uv light at 167 erg/mm2/sec at a distance of 10 cm
eIF4E dephosphorylation needs to be tested. for 0, 1, 3, 5, 10, 20, 30, or 60 sec before infection. Cells were labeled
Our data strongly indicate that dephosphorylation of with [35S]methionine/cysteine for 1 hr before harvesting after 6 hr of
infection. Cell lysates were analyzed by SDS–PAGE (A). Viral proteinseIF4E is caused by a cellular mechanism rather than by
are indicated on the left, and the molecular mass markers are indicateda common viral protein function. First, the diversity of the
on the right. The phosphorylation state of eIF4E was detected by 1Dreplication mechanism of the viruses supports a cellular
isoelectric focusing (B). Uninfected cells: 10% phosphorylated eIF4E.
mechanism. Second, growth conditions of the cell can Infected cells: 1% phosphorylated eIF4E without uv; 1% with 1 sec uv;
prevent eIF4E dephosphorylation after viral infection, in 2% with 3 sec uv; 2% with 5 sec uv; 2% with 10 sec uv; 4% with 20 sec
uv; 6% with 30 sec uv; 10% with 60 sec uv.cases where the viral infection is not influenced. Third,
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